INTRODUCTION
Resistance of mice to infections both with herpes simplex virus type 1 (HSV-1) and type 2 (HSV-2) has been shown to be genetically determined (Lopez, 1975; Mogensen, 1976 Mogensen, , 1977 . Most studies have pointed to natural defence mechanisms as being responsible for this genetically determined difference in resistance, and among the putative resistance factors special interest has focused on natural killer (NK) cell activity (Lopez, 1981) , macrophage restriction of virus replication (Mogensen, 1979) and early interferon production (Kirchner, 1982) . Although there is good evidence for the participation of all these defence systems in the early surveillance against the establishment and dissemination of herpesvirus infections, their relative roles are as yet not settled. Possibly, they work in concert as an early, integrated and interdependent defence network. Thus, interferon is known to activate NK cells (Gidlund et al., 1978) and macrophages (Huang et al., 1971 ; Stanwick et al., 1980) and, conversely, macrophages (Kirchner et al., 1983) and NK-like cells (Djeu et al., 1982) have been proposed as the main interferon-producing cells during infections with HSV. S. ELLERMANN-ERIKSEN AND OTHERS In previous papers, we have shown that an X-linked locus influences the resistance of mice to HSV-2 and that this resistance is phenotypically expressed in the ability of peritoneal macrophages to restrict productive replication of the virus (Mogensen, 1977 (Mogensen, , 1979 . More recently, the early production of interferon in vivo after infection with HSV-1 (Zawatzky et al., 1982) and HSV-2 (Pedersen et al., 1983) was shown also to be influenced by X-linked loci. The finding of the same and, in the context of resistance to virus infections, unusual mode of inheritance of two defence mechanisms might indicate that they are related in some way.
Our previous study (Pedersen et al., 1983) of the genetics of the early interferon production in response to HSV-2 was conducted in vivo and thus might have been influenced by variables peculiar to this milieu. Here we show that the early production of et/fl interferon after HSV-2 infection of peritoneal cells under standardized conditions in vitro is indeed controlled by loci located on the X chromosome and that macrophages constitute the major interferon-producing cell subset.
METHODS
Mice. The parental strains BALB/cABOM (BALB/c) and C57BL/6ScCrBOM (C57) were originally obtained • from the G1. Bomholtgaard Animal Breeding and Research Center, Ry, Denmark and bred locally behind specific pathogen-free barriers as were (BALB/c female x C57 male) F1 and (C57 female x BALB/c male) F1 hybrid mice. Mice of each sex were used at an age of 8 to 10 weeks, as indicated in individual experiments, but whenever mice were compared they had been born in the same week.
Virus. The MS strain of HSV-2 used throughout this study has been described previously (Mogensen et aL, 1974) . A stock of high-titred cell-free virus was produced by infecting Veto cells grown in 1 litre Roux bottles in Eagle's MEM containing 2~ calf serum and antibiotics at a multiplicity of infection of 0.01. When the cultures showed an almost complete cytopathic effect, the supernatant was discarded and 3 ml of distilled water was added, followed by two cycles of freezing and thawing and brief exposure to ultrasonic vibration (20 to 30 W for 20 s). Finally, the virus stock was clarified by centrifugation at 3000 g for 30 min and titrated in Vero cell monolayers by a plaque assay. The virus preparation had a titre of 2 × 109 p.f.u./ml.
Peritoneal cells. Resting peritoneal cells were harvested from unstimulated mice by standard procedures in
Medium 199 supplemented with 5 ~ foetal calf serum (FCS), and 200 IU penicillin, 200 ~tg streptomycin and 20 IU heparin per ml. The ceUs were washed in the same medium without heparin and counted in a haemocytometer. Cells were distinguished as macrophages, lymphocytes, polymorphonuclear leukocytes (PMN) and mast cells under a fluorescence microscope after cytoplasmic staining with acridine orange. The peritoneal cells were separated by serial (three cycles) adherence to plastic. Falcon tissue culture flasks (25 or 75 cm 2 growth area) were seeded with 10 or 40 ml of a cell suspension containing 1 x 106 cells/ml in RPMI 1640 medium with 10 ~ FCS, 1 glutamine and antibiotics as above. After incubation for 1 h at 37 °C the bottles were shaken gently and nonadherent cells were transferred to new bottles. The whole procedure was repeated twice. The final cell suspension (non-adherent cells) consisted of 96.5~ lymphocytes, 0.6~ macrophages, 0.6% PMNs and 2-3~ mast cells. The original culture flasks were further rinsed and agitated four times with 30 or 100 ml of medium and finally the adherent cells were removed with a rubber policeman for differential counting. This cell suspension consisted of 99.4~ macrophages, 0.3~ lymphocytes, 0.1 ~ PMNs and 0.2~ mast cells.
In other experiments, the peritoneal cells were treated with a combination of one cycle of adherence and incubation of the non-adherent cells for 1 h with 1 mg carbonyl iron per l06 cells followed by three successive treatments with a magnet. After this treatment the cell suspension contained 0-7~o macrophages.
Silica treatment of peritoneal cells was performed as follows. Sonicated silica (D6rentrup Quartz no. 12, < 5 p.m) was incubated overnight in RPMI 1640 medium with 10 ~ FCS at 4 °C, re-sonicated, and added to a suspension of peritoneal cells at a concentration of 250 ~tg per 5 x 106 cells in 1 ml of medium. The cells were incubated for 24 h with silica and washed once before interferon induction. This treatment also reduced the number of viable macrophages to less than 1%. Control cultures without silica were treated in a similar manner.
Cells were also subjected to 2000 rad of irradiation from a caesium-137 source delivering a dose rate of 459 rad/min. After irradiation the cells and non-irradiated control cells were kept in culture for 24 h before interferon induction. Some irradiated cultures were further treated with silica during the 24 h incubation period as described above.
Induction of interferon in peritoneal cell cultures.
In most experiments cultures were established in 10 × 60 mm glass tubes with 5 x 106 cells/ml of RPMI 1640 medium with FCS, glutamine and antibiotics as above. The cultures were infected with 0.1 vol. of HSV-2 preparations containing from 2 × 107 to 2 × 109 p.f.u./ml as indicated in individual experiments and incubated at 37 °C in a humidified 5~ CO2 atmosphere for various lengths of time, usually 5 h. The supernatants were harvested after centrifugation and stored at -70 °C until assayed for interferon. In experiments involving pure adherent cells, infection was performed directly in 25 cm z Falcon flasks to avoid removal of the adherent cells. These cultures contained 2 ml of medium with 5 x 106 unseparated or non-adherent cells or approximately 2.5 x 106 adherent cells as judged by microscopy in an inverted phase-contrast microscope equipped with a graticule.
Assay and characterization of interferon. Before the interferon assay the test samples were exposed to u.v. irradiation to inactivate infective HSV-2 (Pedersen et al., 1983) . Interferon activity was measured as previously described (Pedersen et al., 1983) in a microtitre assay using secondary BALB/c mouse embryonic cells challenged with vesicular stomatitis virus. One unit of interferon was defined as the reciprocal value of the highest dilution reducing the cytopathic effect by 50~. This corresponded to 5 international units (NIH mouse interferon preparation, reference number G-002-904-511). The results were expressed as log10 values.
The interferon was characterized by a neutralization assay using goat antiserum to interferon-ct/fl (obtained from K. Berg, Aarhus, Denmark, and originating from E. DeMaeyer, Orsay, Paris, France). This antiserum does not exhibit neutralizing activity against y interferon . Test samples were incubated for 1 h at 37 °C with 5 to 10 neutralizing units of anti-interferon per interferon unit and then assayed for residual antiviral activity. The acid stability of interferons was tested by dialysing samples against Sorensen's buffer pH 2 for 18 h and against phosphate-buffered saline pH 7.4, for 5 h followed by titration to detect acidstable interferon.
Statistical analyses. The statistical analysis of cell numbers and interferon titres was performed with the Mann-Whitney test. Comparison of interferon production in parallel cultures of peritoneal cells from BALB/c and C57 mice or from F1 generation mice was performed by the sign test.
RESULTS

Characterization of peritoneal cell populations from BALB/c and C57 mice
To examine whether our previous results (Pedersen et al., 1983) , showing a genetically determined difference in interferon production in the peritoneal cavity of susceptible BALB/c and resistant C57 mice after HSV-2 infection, could simply be explained by a difference in the total cell numbers and/or the composition of the peritoneal cell populations, initial experiments addressed this question. Table 1 shows that cell yields from C57 mice were indeed higher than yields from BALB/c mice for both females (2ct < 0.01) and males (2ct < 0.01), when cells were harvested by a highly standardized procedure. No sex-related differences in cell numbers per mouse were observed, but female mice yielded significantly more cells per gram body weight than male mice (2ct < 0.01). The distribution of cell subsets between the strains and sexes was roughly identical.
Early interferon response of peritoneal cells from BALB/c and C57 mice
Since it cannot be ruled out that the simple quantitative differences in cell numbers indicated above may have added to the higher in vivo interferon induction by HSV-2 in C57 mice (Pedersen et al., 1983) , interferon induction in vitro in peritoneal cell cultures was studied. S. ELLERMANN-ERIKSEN AND OTHERS Infection of 5 x 106 peritoneal cells from male BALB/c mice with HSV-2 in increasing doses resulted in the induction of early (5 h) interferon in a dose-dependent manner (Fig. 1) . In a further series of experiments peritoneal cell cultures from female and male BALB/c and C57 mice were infected with the three doses of virus (2 x 10 6, 2 x 107 and 2 x 108 p.f.u.). The amounts of interferon produced after 5 h were determined and titres obtained with equal amounts of virus were compared. As shown in Fig. 2 (a, b) , peritoneal cells from both female and male C57 mice produced more interferon than cells from BALB/c mice (females, 2p = 0-006; males, 2p = 0.002). The average ratios between interferon titres of C57 and BALB/c cultures were 2.2 and 5-5 for females and males, respectively. These experiments also disclosed that female BALB/c mice produced more interferon than male mice (ratio = 2.9; 2p = 0.003; Fig.  2c ). No such difference could be demonstrated for C57 mice (ratio = 1.2; 2p = 0-75; Fig. 2d ).
Characterization of interferon-producing cells
Cultures, which were highly enriched for macrophages or lymphocytes by serial adherence, were established directly in tissue culture flasks to avoid any possible damage by mechanical removal of adherent cells (Fig. 3a) . After 5 h of infection with 2 x 107 p.f.u, of HSV-2, adherent cells showed the same titres of interferon as non-separated cell cultures with an equal number of macrophages, whereas cultures with twice as many non-adherent cells produced approximately fivefold less interferon (20t < 0.01). In other experiments, the peritoneal cells were subjected to various treatments to characterize further the main interferon-producing cell type (Fig. 3b ). Removal of macrophages by a combination of adherence and carbonyl iron phagocytosis or silica treatment significantly reduced the amount of interferon produced (2ct < 0.01), whereas irradiation (2000 rad) had no obvious effect on interferon production. However, combination of irradiation and silica treatment revealed that a radiation-sensitive cell might add to the total amount of interferon produced, since this treatment tended to lower, although not significantly (2ct = 0.10), the interferon production as compared to that with silica treatment only. In conclusion, the main producer cell of interferon in peritoneal cell cultures is firmly adherent, phagocytic and radiation-resistant and thus most probably belongs to the monocyte/macrophage cell lineage. 
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Early interferon response of peritoneal cells from F1 generation mice
Peritoneal cell cultures were established from female and male progeny of reciprocal crosses between BALB/c and C57 mice. The cultures were infected with the three virus doses used in the previous experiments and assayed for early interferon production (5 h). Fig. 4(a, b, c) shows that male (BALB/c female x C57 male) F1 mice (displayed at the abscissas) had a significantly lower interferon response to HSV-2 than the other three types of F1 generation mice (displayed at the ordinates) (2p = 0.039, 0-012 and 0.0005, respectively). The actual mean ratios between high and low responding mice were in all cases about 2. Comparisons between the latter three hybrid mice (Fig. 4d, e,f) showed no statistically significant differences either between the two females (2p = 1-00), or between the females and the male (2p = 1.00 and 0.29) . It should be noted that the X chromosome of low responding male (BALB/c female x C57 male) F~ mice originates from low responding BALB/c females, whereas high responding male (C57 female x BALB/c male) F1 mice inherit the X chromosome from the high responding C57 females, and both high responding female hybrids receive one X chromosome from each parental strain. These results therefore clearly show that the early in vitro interferon response of peritoneal cells to HSV-2 is at least in part controlled by genes located on the X chromosome.
Kinetics of the interferon response of peritoneal cells
Assessment of the interferon titres of peritoneal cell cultures from female BALB/c and C57
mice at different times after infection with 2 × 107 p.f.u, of HSV-2 showed that C57 cultures produced more interferon at all times than BALB/c cultures (Fig. 5 ). Significant amounts of interferon were detected after 2 h of infection. Thereafter, increasing titres were seen until peak values were obtained at 24 h after infection in both BALB/c and C57 cultures. * Samples were subjected to pH 2 for 18 h followed by pH 7.4 for 5 h. Samples were incubated with 5 to 10 neutralizing units of anti-interferon per interferon unit for 1 h.
Interferon titre, loglo IU/ml.
Characterization of the early interferon
Interferon produced in peritoneal cell cultures from BALB/c and C57 mice of each sex 5 h after infection with HSV-2 was found to be acid-stable and neutralized by an antiserum to ot/fl interferon thus having the characteristics of ~/fl interferon (Table 2) .
DISCUSSION
In 1977 we found that resistance of mice to the induction of hepatitis by HSV-2 was influenced by dominant gene(s) located on the X chromosome. Furthermore, the resistance phenotype was expressed in the ability of macrophages to restrict the replication of the virus (Mogensen, 1977) .
Later, Zawatzky et al. (1982) and we (Pedersen et al., 1983) independently discovered that early interferon induction in mice infected with HSV-1 and HSV-2, respectively, was also influenced by an X-linked locus. Thus, resistant C57 mice produced higher levels of interferon in response to the viruses than susceptible BALB/c mice and high and low interferon induction segregated between the male progeny of reciprocal crosses, with high levels occurring when the X chromosome was of C57 origin. Also very early (2 to 3 h) interferon production in mice in response to Newcastle disease virus (NDV) has been found to be influenced by an X-linked locus , although the If-1 locus controlling late (6 to 9 h) interferon production to this virus has been mapped on chromosome 3 (Mobraaten et al., 1984) , and the structural genes for ct interferon have been mapped on chromosome 4 (Kelley et al., 1983; Lovett et al., 1984) . It thus appears that the genetic basis for the magnitude of interferon levels in vivo is very complex , and that X-linked loci are involved. From studies in congenic mice, it has been concluded that genetically determined differences in interferon-producing capacity are not directly linked to the structural interferon genes at chromosome 4, but rather to different alleles at the various interferon loci defined for different viruses .
Here we have further analysed the genetics of the early interferon response of leukocytes to HSV-2 by studying interferon production in peritoneal cells in vitro. This approach allows a more precise analysis of the problem by eliminating such variables as differences in cell number and the influence of the milieu of the anatomical compartment in question, which might differ between various inbred mice and between males and females. Indeed, we found that resistant C57 mice have significantly higher numbers of peritoneal cells than BALB/c mice and that female mice yield more ceils per gram than male mice. Thus, these simple quantitative differences might well have added to our previously described genetically determined differences in interferon production in vivo (Pedersen et al., 1983) . However, the present study shows that even under standardized conditions in vitro, the magnitude of the early ~/fl interferon production after infection of peritoneal cells with HSV-2 is strongly influenced by X-linked loci.
Our study does not unequivocally identify one cell type as the interferon-producing cell in the peritoneal cavity, but our data strongly point to the macrophage as the main producer. Thus, highly purified adherent macrophages produced approximately 10 times as much interferon per cell as non-adherent cells (mainly lymphocytes). Interferon production was also seriously affected by treatment with carbonyl iron and silica, whereas radiation had no measurable effect on the magnitude of the interferon production in unseparated cells. However, the low but significant interferon production in highly purified cultures of non-adherent cells and peritoneal cells subjected to macrophage-toxic treatments, as well as the tendency to lower titres in cells treated with a combination of silica and irradiation might indicate that a lymphoid cell is responsible for production of a minor fraction of the interferon. Kirchner et al. (1983) found that the main (or sole) producer of early a/B interferon in response to infectious HSV-1 in peritoneal cells was also of the macrophage lineage and DeMaeyer & DeMaeyer- Guignard (1979) found that macrophages express the If-1 locus determining interferon production to NDV in vitro. Thus, it is reasonable to speculate that early interferon production by macrophages, which are ubiquitous cells monitoring most organs and tissues in the body, may be of importance, in determining the final outcome of virus infections.
Sex-linked differences in responses to infectious agents have been described in a number of situations. Of special interest in the context of interferon is the finding of higher early interferon production by female mice than by more susceptible male mice after infection with encephalomyocarditis virus (Pozzetto & Gresser, 1985) . The finding of higher spontaneous levels of the interferon-induced enzyme 2-5A synthetase in female mice than in male mice is also interesting (Galabru et al., 1985) . However, at present it is not known whether these sex-related differences are directly influenced by genes located on the X chromosome or if they are hormonally determined.
The importance of X-linked genes in resistance to herpesviruses in humans is only indicated at present. Males with the X-linked lymphoproliferative syndrome are extremely susceptible to Epstein-Barr virus infections, and it is mainly males who are affected by the Epstein-Barr virusassociated Burkitt's lymphoma and nasopharyngeal carcinoma (Purtilo, 1981) . Finally, patients with the Wiskott-Aldrich syndrome (Aldrich et al., 1954) , which is inherited as an X-linked recessive trait, are extremely susceptible to herpesvirus infections, again suggesting that Xlinked dominant genes are involved in normal resistance. Thus, a focal necrotic hepatitis, which is the hallmark of our mouse model of HSV-2 infection (Mogensen et al., 1974) , has been described in patients with this syndrome (St. Geme et al., 1965) .
